Abstract-A passive DC magnetic concentrator is designed with transformation optics (TO) and realized by meta-materials. The passive DC magnetic concentrator based on space compression transformation can greatly enhance the magnetic field in a free space region and can be used for e.g., improving the sensitivity of magnetic sensors and increasing the efficiency of wireless energy transmission. The magnetic property of the medium obtained by TO is extremely anisotropic. To solve this, we use magnetic metamaterials made of alternated high-permeability ferromagnetic (HPF) materials and high-temperature superconductor (HTS) materials. We optimize our structure by conducting simulations using the finite element method (FEM) and experimentally demonstrate a strong, 4.74-time enhancement of the DC magnetic field by our meta-material magnetic concentrator. We also demonstrate that a simplified structure with only HPF materials working at room temperature can still gives 3.84-time enhancement of the DC magnetic field. The experimental results are in good agreement with the numerical simulations based on FEM.
INTRODUCTION
Achieving stronger static or quasi-static magnetic fields in a specific region will give rise to a revolution in many technical applications, including improving the sensitivity of magnetic sensors [1] , increasing the efficiency of wireless energy transmission [2] , improving the resolution of magnetic resonance imaging (MRI) [3] , promoting the manipulation of drug delivery using magnetic nano-particles [4, 5] , etc. Besides using active magnets with extremely high power consumption to achieve stronger fields [6] , we can use passive magnetic lenses or concentrators that can cause an external magnetic field to converge without consuming additional power to obtain enhanced DC magnetic fields in a specific region [7] [8] [9] .
Many different kinds of DC magnetic lenses or concentrators have been proposed. One type is designed with ferromagnetic materials. However, the enhancing performances of these ferromagnetic devices are limited by saturation magnetization [7] . Another type that has been designed and experimentally demonstrated is based on superconductors with a high critical field H c [8, 9] . However, those devices based on purely superconductors can only achieve an enhanced DC magnetic field in a very small free region with a very low enhancement factor (e.g., about 2 or 3 times). Furthermore, those superconductor magnetic lenses lack systematic theoretical guidance on how to design the desired enhancement of magnetic fields [8, 9] .
In recent years, transformation optics (TO) based on the invariance form of Maxwell's equations [10, 11] has become a powerful theoretical tool. A special medium (often referred to as the transformed medium), which can control the trace of the electromagnetic wave (e.g., perfect lens [12] and electromagnetic cloaks [13] ) and also the static electric or magnetic field [14] [15] [16] [17] [18] [19] [20] , can be designed by TO. As the transformed medium is often complex, which may not exist in nature, people have to design some artificial materials (e.g., meta-materials) to create them. Very recently, a concentrating and transmitting device for DC magnetic energy based on TO is realized by meta-materials [21] . However, the 2.70-time enhancement of the magnetic field is still weak. It needs a very large area to get a stronger enhancement due to the limitation of the TO method they used [17] . In this paper we use a different space compression method [20] to experimentally realize a magnetic concentrator with the same cross-section area as in [21] , but with a much stronger enhancement of the magnetic field. In Section 2, we will describe the design method and give numerical simulation results based on the finite element method (FEM). In Section 3, we will construct the actual magnetic concentrator made of metamaterials consisting of both high-permeability ferromagnetic (HPF) materials and high-temperature superconductor (HTS) materials. The experimental setups and results of measurements will also be shown. In Section 4, we will give a summary and further discussion.
DESIGN METHOD

DC Magnetic Concentrator Designed by TO
Our aim is to design a practical passive magnetic concentrator to concentrate the external applied magnetic field in an inner free region, where sensors can be placed. The method we use is space compression transformation [22, 23] , which has been used for optical energy concentration. For simplicity, we consider a two-dimensional (2D) structure. As shown in Fig. 1 , different colors stand for different regions. In the reference space, or virtual space, (Fig. 1(a) ), all regions are free spaces whatever colors are used. In the real space ( Fig. 1(b) ), we have different permeability media (i.e., transformed media) in different colored regions. The red region in the reference space is compressed into the red region in the real space, and thus the DC magnetic field will be enhanced in that region. The green regions and yellow regions have also been correspondingly transformed from the reference space to the real space. In the grey region, we choose an identical transformation, which means the grey region in the real space is still free space. The corresponding medium in each region in the real space has been calculated using TO in our previous work [20] . Since we deal with static magnetic field in a 2D system, the static magnetic field only has components in the x -y plane, so that only the left-upper 2×2 matrix of the permeability tensor has some physical relevance. This is different from the electromagnetic wave case shown in reference [22] , which requires both the permeability tensor and permittivity tensor. By choosing the following proper geometrical parameters of our device:
the corresponding 2 × 2 matrices of the permeability tensors in each colored region in the real space take the following forms:
From Eqs. (1) and (4), the red region is a square, and the transformed medium in the red region just reduces to air. Even though the red region is transformed, the medium in the red region is still air (unlike the electromagnetic wave case [22] ). In the principal axis system (ξ-χ coordinate system), permeability tensor becomes diagonal:
where μ ξξ = cos 2 θμ x x + sin 2 θμ y y + 2 sin θ cos θμ x y μ χχ = sin 2 θμ x x + cos 2 θμ y y − 2 sin θ cos θμ x y (5)
Here θ is the rotation angle between the ξ-χ system and the x -y system (see the insert of Fig. 2(a) ). In order to achieve an effect of DC magnetic field concentration, α and β should satisfy that 0 < α < 1 and β > 1. As the field in the red region with size D 0 in the reference space is compressed into the field in the red region with size D 1 = αD 0 in the real space, the compression ratio of the space is α and the enhancement of the field is simply 1/α. Moreover, from Eq. (4), the red region in the real space is still a free space where we can put our magnetic sensor. Taking the limit β → ∞ in Eqs. (2) and (3), we can obtain:
Eq. (8) indicates that the medium in the green region in the real space will approach free space when β approaches infinity. In practice, we can omit the green region to reduce the size of our DC magnetic concentrator. In addition, β → ∞ theoretically requires the device to be infinitely long along the x direction. In practice, we can choose a relatively long length along x direction (the size of the device is finite) to approximate this requirement. Furthermore, in order to get a strong enhancement, we take the limit α → 0 in Eq. (7) and substitute the result to Eqs. (5) and (6), and we obtain
θ α→0,β→∞ = 0
Note that if α → 0, it means that the enhancement is infinitely large. However, from Eq. (9), this means that the magnetic property of the medium in yellow region is extremely anisotropic (infinite in one direction and zero in another orthogonal direction), which cannot exist in natural materials.
To solve this issue, we use magnetic meta-materials made of alternated HPF materials (with very large permeability) and HTS materials (with very small permeability) to approximate the theoretical requirement. As a result, we can only obtain a finite enhancement factor and the rotation angle θ is not exactly zero. The rotation angle needs to be optimized by simulations. In addition, to make a comparison with the results in [21] , the structure that we design has the same cross-section area as the structure in [21] .
Numerical Simulation
The Fig. 3(a) . The enhancement is 4.81, and the field is relatively uniform in the inner free space. We also study if a simplified structure of the metamaterial can give similar concentration results. Since the use of HTS pieces requires cryogenics which may limit the applicability of the device, we calculate the performance of a structure with only HPF pieces at room temperatures (T = 300 K) above the critical temperature T c of the superconductors, at which the HTS pieces are deactivated. An Fig. 2(b) ). (a) For the case of HPF pieces alternated with HTS pieces (i.e., T < T c ), the enhancement at the center is 4.81, and the field is relatively uniform in the inner free space. (b) For the case of only HPF pieces (i.e., T = 300 K > T c ), the enhancement at the center is 3.88. enhancement of 3.88 can still be achieved, although the magnetic field distribution in the inner space is not uniform. The simulated B z /B a field of the simplified magnetic concentrator is plotted in planes IN and OUT as shown in Fig. 3(b) .
EXPERIMENTS
Meta-Material Magnetic Concentrator
We use commercial HPF pieces and HTS pieces to fabricate our meta-material magnetic concentrator illustrated in Fig. 2 . The HPF pieces are Co-NETIC AA (an alloy of Fe and Ni) from the Magnetic Shield Corporation. They are 0.15 mm thick and cut into 70 mm long rectangles whose widths are determined by the lengths of the blue lines in Fig. 2(a) . The HTS pieces are made of Amperium copper laminated wire (containing ceramic films of yttrium-barium-copper-oxide) from the American Superconductor Corporation [25] . The wire is 12 mm wide, 0.2 mm thick, and cut into 70 mm long strips. Several strips are parallel-fixed with adhesive tape with proper overlaps to make HTS pieces whose widths are the lengths of the grey lines in Fig. 2(a) . To ensure the appropriate placement of HPF pieces and HTS pieces, they are fixed on 1 mm thick and 80 mm long plastic boards by Kapton tapes, and then the edges of plastic boards are inserted into specific slots with depth of 5 mm and width of 1 mm in two aluminum support plates. Figs. 4(a) and 4(b) illustrate, respectively, the front view and 3D view of the fabricated meta-material magnetic concentrator. A uniform magnetic field will be applied along the z direction. A magnetic sensor can be located at the center of the inner free space through the square hole by an aluminum slab.
Experimental Setups and Results
The Helmholtz coils used to generate a uniform applied field B a have a radius of 180 mm and are aligned and separated by a distance of 180 mm. Our magnetic concentrator is placed in the central region of the Helmholtz coils. A Hall sensor (Lakeshore HGCT-3020) is located at the center of the inner free space to measure the B z field component. A 100 mA constant current is supplied to the Hall sensor by a Keithley 2400 sourcemeter. The Hall voltage is measured by a 6 1/2 -digit multimeter (34410A) from Agilent. The measurement below T c is done by submerging the concentrator and the Hall sensor into liquid nitrogen (T = 77 K). The experiments are performed both at 77 K and at room temperature (T = 300 K). 
SUMMARY AND DISCUSSION
We have designed a passive DC magnetic concentrator via space compression transformation. A reduction method (α → 0, β → ∞) has been used to simplify and realize such a concentrator. The concentrator has been optimized by simulations using FEM and realized by meta-materials consisting of alternated HPF pieces and HTS pieces. The experimental results have demonstrated a strong, 4.74-time enhancement of the DC magnetic field by our meta-material magnetic concentrator. Compared with the device in [21] , our magnetic concentrator possesses a much stronger enhancement of the magnetic field, although they have the same cross-section area. The results are obtained by using commercially available materials and at liquid-nitrogen temperatures, indicating that our idea might have applications such as improving the sensitivity of magnetic sensors, increasing the efficiency of wireless energy transmission and improving the resolution of MRI. We have also shown that a further simplified structure with only HPF pieces, working at room temperature can still enhance the magnetic field with a slight decrease in the performance (still giving an enhancement factor of 3.84). There is still room to improve the magnetic field enhancement of our device. If we increase the length of the device along x direction to satisfy better the theoretical requirement, the enhancement can be improved. We can also use better ferromagnetic materials (with higher permeability and stronger saturation magnetization) and better cooling technology (providing lower temperature) to improve the performance of our device. When extending the device from DC to a low frequency band, we may use a combination of ferromagnetic materials and metamaterials without superconductors to realize it.
